This review presents three examples of using voltage-or calcium-sensitive dyes to image the activity of the brain. Our aim is to discuss the advantages and disadvantages of each method with particular reference to its application to the study of the brainstem. Two of the examples use wide-field (onephoton) imaging; the third uses two-photon scanning microscopy. Because the measurements have limited signal-to-noise ratio, the paper also discusses the methodological aspects that are critical for optimizing the signal.
INTRODUCTION
An optical measurement of brain activity by the use of a molecular probe can provide invaluable information in a variety of circumstances. The obvious advantage of any imaging method is the possibility of simultaneous measurements from many locations. This is especially important in the study of the nervous system where many parts of an individual cell, or many cells, or many interconnected regions, are simultaneously active. In addition, optical recording offers the possibility of recording from neuronal processes that are too small or fragile for electrode recording.
Optical methods for measuring activity can have high spatial resolution. In one of the examples presented in the following, the resolution is of the order of a few microns; in another example, it is easy to distinguish the activity of individual cells. However, in vivo optical recordings are limited to areas of the brain that are visible, and in these areas, limited to a recording depth of approximately 0.4 mm using twophoton microscopy and approximately 100 mm for resolving dendrites using wide-field microscopy. Light scattering by the brain limits both the penetration of the excitation light and the recovery of the emitted fluorescent photons.
Using a molecular probe has advantages (and disadvantages) over monitoring intrinsic signals. For optical imaging of membrane potential, the use of molecular probes has resulted in greatly increased signal size in comparison with potential-dependent intrinsic signals such as light scattering and birefringence (Cohen et al. 1968) . In addition, with the introduction of protein activity sensors, there is now the possibility for cell-type-specific staining. Furthermore, many of the molecular probes are fast, with a time resolution in microseconds or milliseconds but others, especially the protein-based biosensors, are substantially slower.
In addition, there are probes that are sensitive to various ions and metabolic intermediates. With these advantages comes the responsibility for demonstrating that possible pharmacological and photodynamic effects caused by these probes are minimal (see the following). Figure 1 illustrates three qualitatively different applications in neurobiology where imaging has been useful. In order to know how a neuron integrates its synaptic input into its action potential output, one needs to be able to measure membrane potential everywhere that synaptic inputs arrive and at the places where spikes are initiated (figure 1a). In order to understand how a nervous system generates a behaviour, it is important to measure the action potential activity of many participating neurons (figure 1b). Responses to sensory stimuli and generation of motor output in the vertebrate brain are often accompanied by activation of many neurons in widespread brain areas (figure 1c); optical imaging allows measurement of population signals from multiple areas simultaneously. In these three instances, optical recordings have provided information about the function of the nervous system that was previously unobtainable.
SIGNAL SOURCES (a) Voltage-sensitive dyes
Several different optical properties of membrane-bound organic dyes are sensitive to membrane potential including fluorescence, absorption, dichroism, birefringence, fluorescence resonance energy transfer (FRET), second harmonic generation and resonance Raman absorption (Teisseyre et al. 2007) . Because many applications in neurobiology have involved fluorescence measurements, these will be emphasized.
The voltage-sensitive dye signals described in this paper are 'fast' signals (Cohen & Salzberg 1978 ) that arise from membrane-bound dye; they follow changes in membrane potential with a time course that is rapid compared with the rise time of an action potential. Figure 2a illustrates the kind of result that is used to define a voltage-sensitive dye. In the giant axon from a squid, these optical signals are fast, following membrane potential with a time constant of ,10 ms (Loew et al. 1985) and their size is linearly related to the size of the change in potential (e.g. Gupta et al. 1981) . Because the signals are linearly related to membrane potential, they report both depolarizations and hyperpolarizations. These organic dyes provide a direct, fast and linear measure of the change in membrane potential of the stained membranes.
Several voltage-sensitive dyes have been used to monitor changes in membrane potential in a variety of preparations. Figure 2b illustrates four different chromophores (the merocyanine dye, XVII, was used for the measurement illustrated in figure 2a ). For each chromophore, approximately 100 analogues have been synthesized in an attempt to optimize the signal-to-noise ratio that can be obtained in a variety of preparations. (This screening was made possible by synthetic efforts of three laboratories: J. Wang, R. Gupta and A. Waggoner then at Amherst College; R. Hildesheim and A. Grinvald at the Weizmann Institute; and J. Wuskell and L. Loew at the University of Connecticut Health Center.) For each of the four chromophores illustrated in figure 2b, there were 10 or 20 dyes that gave approximately the same signal size on squid axons (Gupta et al. 1981) . However, dyes that had nearly identical signal size on squid axons could have very different responses in other preparations, and thus tens of dyes usually have to be tested in an effort to obtain the largest possible signal.
The following rules of thumb seem to be useful. First, each of the chromophores is available with a fixed charge that is either a quatenary nitrogen (positive) or a sulphonate (negative). Generally, the positive dyes have given larger signals in vertebrate preparations. Second, each chromophore is available with carbon chains of several lengths. The more hydrophilic dyes (methyl or ethyl) work best if the dye has to penetrate through a compact tissue (vertebrate brain) or needs to travel a long distance in a dendritic tree. Studies have been made to determine the molecular mechanisms that give rise to potential-dependent optical properties. There is evidence for three different mechanisms (for different dyes). These are dipole rotation, electrochromism and a potential-sensitive monomer -dimer equilibrium (Waggoner & Grinvald 1977; Loew et al. 1985; Fromherz et al. 1991) .
(i) Pharmacological and photodynamic effects In several experimental preparations, it was shown that pharmacological and photodynamic effects were small at the dye concentrations and light intensities that were used (e.g. Cohen & Lesher 1986; Grinvald et al. 1988; Nakashima et al. 1992; Momose-Sato et al. 1995; Zecevic 1996; Palmer & Stuart 2006; Canepari et al. 2007 ).
(b) Calcium-sensitive dyes Figure 3b shows the chemical structure of a calciumsensitive dye, Calcium Green-1, together with a plot of its fluorescence spectrum as a function of the free calcium concentration (figure 3a). This dye signal reaches 50 per cent of its maximum at a calcium concentration of approximately 0.2 mM. In contrast to the voltage-sensitive dyes, the calcium dyes are located intracellularly. The dye is presumed to be in the cytoplasm and to report changes in the calcium concentration in the cytoplasm, although some of the dye may be in intracellular compartments. Calcium dyes are generally slower to respond to abrupt changes in calcium concentration in comparison with voltagesensitive dye responses to abrupt changes in membrane potential. Figure 4a compares the time course of voltage and calcium signals in an in vitro turtle olfactory bulb following stimulation of the olfactory nerve. The signals were measured from the same location on the preparation. The calcium signal reaches its peak more slowly and the signal returns to the baseline much more slowly. In part, the slower return is because of the time taken for the cell to reduce the free calcium concentration back to the resting level. Ross et al. 1974.) In addition, because the calcium dyes also act as buffers of calcium, the calcium signal in the presence of the dye may substantially outlast the change in calcium concentration that would occur in the absence of the dye (Neher & Augustine 1992; Helmchen et al. 1996) .
(c) Intrinsic signals A third optical signal of brain activity that has been used extensively is the intrinsic signal (Blasdel & Salama 1986; Grinvald et al. 1986 ). These signals occur in the absence of added dyes. They are thought to reflect mainly the changes in blood flow and haemoglobin oxygenation that occur in response to changes in brain activity. Figure 4b shows a comparison of the calcium signal and the intrinsic signal from a glomerulus in the mouse olfactory bulb (Wachowiak & Cohen 2003) . The intrinsic signals do not reach a peak until approximately 5 s after the start of the odorant stimulus; they are substantially slower than the calcium signal. Intrinsic signals will not be discussed further; they are the subject of other reviews (e.g. Grinvald et al. 1988) .
TWO-PHOTON SCANNING MICROSCOPY IMPROVES SPATIAL RESOLUTION
Using one-photon, wide-field microscopy, brain images are blurred by light scattering and out-offocus fluorescence. Figure 5a shows an example of such an image of a mouse olfactory bulb. In this preparation, the incoming olfactory receptor nerve terminals have been stained with a calcium dye, Calcium Green-1 dextran. In this image, individual glomeruli can just be made out as the spatial resolution is approximately 50 mm. It would be impossible to discern the images of individual juxtaglomerular neurons that surround each of the glomeruli. In striking contrast, figure 5b illustrates a two-photon measurement showing a portion of an individual glomerulus surrounded by the easily identified cell bodies of juxtaglomerular neurons. Clearly, two-photon microscopy has provided a large improvement in spatial resolution. The two-photon spatial resolution is also superior to confocal microscopy where the effect of light scattering and out-of-focus light are reduced by measuring only the emitted photons that pass back through the illumination pinhole. Using confocal microscopy, it is difficult to obtain cellular resolution at depths greater than 50 mm although, for cells or processes close to the surface, confocal microscopy is successful. Using a scanned-line confocal microscope from Prairie Technologies (Middletown, WI, USA), Jeff Magee (personal communication) were able to measure voltage-sensitive dye signals from hippocampal cell dendrites at a frame rate of 3 kfps. Slower voltagesensitive dye signals were measured confocally much earlier (Loew 1993 ).
The demonstration illustrated in figure 6 can be used to understand the improved spatial resolution in twophoton microscopy. There are two incident light beams directed at the cuvette filled with a fluorescent dye. The beam coming from the right is at 532 nm, a wavelength at which each photon can excite the dye. This beam excites fluorescence all along its light path. The incident light beam coming from the left is at twice the wavelength, and two of these photons have to arrive simultaneously in order to excite the dye. In this case, fluorescence is seen only in a tiny spot in the middle of the cuvette (indicated by the arrow). This shallow depth of illumination is the expected result for the case where fluorescence excitation is proportional to the square of light intensity. In out-of-focus regions, the intensity will be lower, but the square of intensity much lower, than at the focal point. With two-photon illumination, fluorescent photons are only generated at the focal point; therefore their source is known. Even though most of the emitted photons will be scattered by the brain, because their source is known, two-photon microscopes attempt to maximize the collection of the emitted photons. In spite of efforts that are made to collect and measure as many emitted photons as possible, the number of measured photons remains small. Perhaps a better name for this technique would be 'few photon microscopy'. The fact that only a few photons are measured means that the relative shot noise will be large and the signal-to-noise ratio will be low (see the following).
NOISE IN OPTICAL MEASUREMENTS
A noiseless optical measurement is rarely encountered (however, see figure 8b ). In the three examples given in the following, the fractional intensity changes can be quite small; they range from 2 Â 10 24 to 5 Â 10 21 . To measure these signals, the noise in the measurements had to be even smaller. In the sections that follow, some of the considerations necessary to achieve such a low noise are outlined.
There are many types of extraneous (technical) noise, including noise from floor vibrations, room air currents, unstable light sources, detector read noise, detector dark noise and, in in vivo preparations, heart-beat or respiration movements. Reducing the contribution of these sources of noise requires careful attention to the details of the apparatus (Grinvald et al. 1988; Zochowski et al. 2000; Homma et al. 2009; www. redshirtimaging.com/redshirt_neuro/neuro_lib_ 4.htm) but with care, extraneous noise can often be reduced to a level smaller than that of the shot noise.
(a) Shot noise The limit of accuracy with which light can be measured is set by the shot noise arising from the statistical nature of photon emission and detection. With currently available light sources, there are random fluctuations in the number of photons emitted (and measured) per unit time; the root-mean-square (r.m.s.) deviation in the number measured is the square root of the average number (Braddick 1960; Malmstadt et al. 1974) . Thus, in a shot-noise-limited measurement, the signal-to-noise ratio is directly proportional to the square root of the number of measured photons and inversely proportional to the square root of the bandwidth of the photodetection system. As a result, attempts to increase the number of measured photons exert a powerful driving force on the design of all parts of an optical recording system.
The basis for the square root dependence on intensity is illustrated in figure 7. In figure 7a the result of using a random number table to distribute 20 photons into 20 time windows is shown. In figure 7b the same procedure was used to distribute 200 photons into the same 20 bins. Relative to the average light level, 1 in figure 7a and 10 in figure 7b , there is more noise in the top trace than in the bottom trace. The signal to r.m.s. noise level is 1 in figure 7a and 3 in figure 7b , close to the expected square root dependence on light intensity.
A very large range of measured intensities is obtained in full frame (10 000 -100 000 pixels) optical recordings from the nervous system (table 1) . This range is affected both by the preparation and by the imaging method.
Needless to say, the very small number of photons per millisecond in a two-photon measurement has powerful consequences. First, one never sees fullframe two-photon measurements with a 1 kHz frame rate. The result in figure 5b was the average of 100 frames; a total of 10 s of recording. Figure 5c shows one of the individual frames from a 100 ms recording period. The individual 100 ms recording is substantially blurred compared with the 10 s recording. Clearly, a 1 ms recording would be dominated by the blur of shot noise. Thus, more commonly used frame rates for activity measurements are 5-10 Hz and at that frame rate the r.m.s. noise is still 10 per cent of the signal. A further result of the small number of photons is that much attention has to be devoted to optimizing the incident light intensity, the collection of emitted photons and the quantum efficiency of the photodetector in two-photon measurements.
The modest number of photons in wide-field measurements from a dendrite means that cameras with low read and dark noise are needed to avoid their contribution to the total noise. For that reason, CCD cameras with their relatively low read noise are preferred over complimentary metal-oxide semiconductor (CMOS) cameras. On the other hand, for wide-field brain slice experiments with a large number of photons a CMOS camera with very deep wells is required to avoid the saturation that would occur with a CCD camera.
(i) The optimum signal-to-noise ratio in two-photon microscopy Because two-photon excitation will only occur with the nearly synchronous arrival of two low-energy photons, excitation is proportional to the square of light intensity and only very high intensity sources achieve significant excitation. In practice, this restricts the light source to pulsed lasers with very brief (approx. 100 ps), but very high intensity pulses. In the experiments illustrated in the following, the intensity available from commercial lasers was not limiting because the targeted cells were only some 20-200 mm below the surface of the preparation and the losses in focal plane intensity from light scattering were not large. However, the incident intensity could not be increased further to increase the number of measured photons and improve the signal-to-noise ratio because higher intensities would cause tissue heating resulting from the non-zero absorption of infrared photons. For cells as deep as rodent olfactory bulb mitral cells (approx. 400 mm below the surface), the loss of excitation light because of photon dispersion within the tissue becomes large, and the spatial resolution starts to be limited by out-of-focus fluorescence that is generated as a result of increasing the laser power (Helmchen & Denk 2005) . In the brainstem one might expect to be able to record the activity of neurons up to 300 mm below the surface using currently available dyes and apparatus.
(ii) The optimum signal-to-noise ratio in a wide-field measurement A tungsten filament lamp emits an average of 10 16 photons ms 21 and the r.m.s. deviation in the light intensity is the square root of this number or 10 8 photons ms
21
. However, because only a small fraction of the photons will be measured, a signal-to-noise ratio of 10 8 (see above) cannot be achieved. A partial listing of the light losses follows. A 0.9-NA lamp collector lens would collect 0.1 of the light emitted by the source. Only 0.2 of that light is in the visible wavelength range; the remainder is infrared (heat). Limiting the incident wavelengths to those that excite the fluorescence means that only 0.1 of the visible light is used. Thus, the light reaching the preparation might typically be reduced to 10 13 photons ms
. If the light-collecting system that forms the image has high efficiency, e.g. in an absorption measurement with matched condenser and objective numerical apertures, approximately 10 13 photons ms 21 will reach the image plane. (In a fluorescence measurement there will be much less light measured because (i) in an individual cell less than 10 per cent of the incident photons are absorbed by the fluorophores, (ii) only a fraction of the absorbed photons will result in emitted photons, and (iii) only a fraction of the emitted photons are collected by the objective.) If the camera has a quantum efficiency of 1.0, then, in absorption, a total of 10 13 photoelectrons ms 21 will be measured. With a camera of 10 000 pixels, there will be 10 9 photoelectrons ms 21 pixel
. The shot noise will be 
Voltage imaging of respiratory-related population signals in the brainstem Figure 9 . Caption opposite. ; thus the very best that can be expected is a noise that is 10 24.5 of the resting light (a signal-to-noise ratio of approx. 90 db). The extra light losses in a fluorescence measurement would further reduce the maximum obtainable signal-tonoise ratio.
A DIRECT COMPARISON OF ONE-AND TWO-PHOTON IMAGING OF GLOMERULAR ACTIVITY
From the preceding discussion of the sources of noise in an activity measurement one would predict that the signal-to-noise ratio would be larger in a one-photon wide-field measurement than in a two-photon measurement. The results illustrated in figure 8 show that this is the case. In figure 8a a two-photon recording of activity from a glomerulus in a mouse olfactory bulb is shown. Figure 8b shows the one-photon recording from the same glomerulus. The one-photon measurement has a much larger signal-to-noise ratio.
Moreover, four trials were averaged in the two-photon measurement while the result from the one-photon measurement was from a single trial. In addition, the numerical aperture of the lens used for the two-photon measurement was 0.8 while that used in the ordinary microscope was only 0.5. If a correction for these two factors is applied, the two-photon measurement would have a signal-to-noise ratio five times smaller than that shown. Thus, the signal-tonoise ratio for the wide-field measurement is orders of magnitude better.
In contrast to the advantage in signal-to-noise ratio of the one-photon measurement is the dramatically superior spatial resolution of the two-photon measurement. This is illustrated in figure 8c,d . The glomeruli are a blur in the one-photon measurement, while considerable internal detail is seen in the two photon measurement.
THREE EXAMPLES (a) One-photon voltage dye imaging of activity in dendrites of an individual neuron
Understanding the biophysical properties of single neurons and how they process information is fundamental to understanding how the brain works. At present, however, the detailed functional structure of nerve cells is not fully understood. Part of the explanation for this incomplete understanding is the complexity of the neuronal structure and membrane properties (figure 1a). It is widely recognized that dendritic membranes of vertebrate CNS neurons contain many active conductances such as voltage-activated Na þ , Ca 2þ and K þ channels (e.g. Stuart & Sakmann 1994; Sjostrom et al. 2008) . As a result, the regional electrical properties of branching neuronal processes will be extraordinarily complex, dynamic and, in the general case, impossible to predict in the absence of detailed measurements. To obtain such a measurement, the sensitivity of the intracellular voltage-sensitive dye technique has been dramatically improved, allowing direct recording of subthreshold and action potential signals from the neurites of individual neurons (Zecevic 1996; Antic 2003; Canepari et al. 2007 ). The improved sensitivity depends on using fluorescence measurements and selective staining of only one neuron within a preparation (Grinvald et al. 1988) . Another important advance was finding a dye that gives relatively large signals when applied internally. The fluorescent voltage-sensitive styryl dye JPW1114 (also called di-2-ANEPEQ;
Invitrogen-Molecular Probes Inc., D6923) is currently an optimal voltage indicator for intracellular application aimed at recording from neuronal processes of individual neurons in brain slices (figure 9; Antic 2003; Canepari et al. 2007 ).
This dye had little or no pharmacological effect when applied at functional concentrations to both invertebrate and vertebrate neurons (Canepari et al. 2007) . Similarly, photodynamic damage during optical recording was not present if the exposures of the dendritic arbour to excitation light were kept relatively short (100 ms; Djurisic et al. 2004 Djurisic et al. , 2008 Canepari et al. 2007) .
In the example shown in figure 9a -d, a stationarystage upright microscope with a 250 W xenon, short-gap arc lamp (Osram, XBO 250 W/CR ORF) powered by a low ripple power supply was used. The fluorescence signals were recorded using a fast camera with relatively low spatial resolution (80 Â 80 pixels) but outstanding dynamic range and low read noise (NeuroCCD-SM; RedShirtImaging LLC, Decatur, GA, USA). Review. Imaging brain activity R. Homma et al. 2461 olfactory bulb slice. The mitral cell was stimulated by shocking the slice with an extracellular electrode in the olfactory nerve layer (figure 9b). This stimulus elicited two spikes (figure 9c) that were recorded optically from the dendritic structure projected onto the CCD. The spatial average of the action potential signals from three colour-coded regions are shown in figure 9b,c. When the recording of the first action potential is displayed on an expanded time scale (figure 9d), it is clear that the action potential originates in the dendritic tuft in the glomerulus and then propagates to the soma and out the secondary dendrite. The action potential actively invades all of the dendrites (Djurisic et al. 2004 ).
(i) Attractive features of this kind of measurement The ability to follow changes in membrane potential throughout the dendritic and axonal arbour of a neuron can provide critical information about neuron function. Recent improvements in the technique have allowed recordings of action potentials from individual dendritic spines (D. Zecevic 2008, unpublished data) .
(ii) Unattractive features One difficulty is that this kind of recording is thus far limited to in vitro brain slice preparations. The results might be qualitatively different in the presence of an in vivo milieu containing additional transmitters and modulators.
(b) One-photon voltage imaging of population signals from the brainstem during respiratory activity In a number of situations ( figure 1c) , signals recorded from populations of neurons can be informative even though these signals do not represent the activity of individual cells but the average of the activity of many cells and processes whose light reaches the individual pixels in the recording camera. Examples of informative measurements are the calcium signals from olfactory receptor nerve terminals in the olfactory bulb (Wachowiak & Cohen 2001 ) and orientation-sensitive intrinsic signals from visual cortex (Bonhoeffer & Grinvald 1993) . Similarly, respiratory activity in the brainstem occurs in many distinct regions over a large area. Onimaru & Homma (2005) isolated a brainstem-spinal chord preparation from neonatal rats and superfused the preparation with the styryl voltage-sensitive dye, di-2-ANEPEQ. Using a MiCAM01 CCD camera (BrainVision, Tokyo, Japan), they recorded the fluorescence from the dorsal surface during 20 respiratory cycles and then aligned the 20 recordings using the inspiratory activity recorded electrically from the spinal root C4. Figure 9e shows the results of such a recording. The left panel is an image of the preparation on which is superimposed a thresholded pseudo-colour map of the location of the signals recorded at the time of the vertical line in the right panel. The pseudo-colour indicates obvious signals in two locations (the black and blue traces on the right panel). Slower signals were recorded at two other locations, red and green on the right panel. In addition, one location, red, had a large late hyperpolarizing signal. Thus, the voltage imaging enabled a quick discovery and localization of regions in the dorsal brainstem with activity related to respiration.
(i) Attractive features of this kind of measurement The method offers considerable power for localizing the activity related to respiratory behaviour. Because a voltage-sensitive dye was used, the signal is known to represent changes in membrane potential.
(ii) Unattractive features The technique is restricted to the upper layers of the preparation because the incident light does not reach deeper layers and fluorescence photons from deeper layers do not escape from the tissue. Light scattering and out-of-focus light limit the spatial resolution. Averaging of many trials was required to improve the signal-to-noise ratio obscuring variations in response from cycle to cycle. The organic voltage-sensitive dye that was used stains all membranes, so the neuronal or glial cell types responsible for the signals are not known. Thresholding was used in the left panel of figure 9e ; if a different threshold was chosen or more spatial or temporal filtering was used, the results would be qualitatively different.
(c) Two-photon measurement of activity of many individual neurons in the brainstem during respiratory cycling Nervous systems are made up of large numbers of neurons, and many of these are active during the generation of behaviours (figure 1b). The original motivation for developing optical methods for monitoring activity was the hope that they could be used to record the activities of many neurons simultaneously during behaviours (Davila et al. 1973) . One simple and widely used method for monitoring neuronal activity relies on imaging the neuron's intracellular Ca 2þ concentration. Indeed, in living cells, most depolarizing electrical signals are associated with a Ca 2þ influx caused by the activation of different types of voltage-gated Ca 2þ channels (Tsien & Tsien 1990; Berridge et al. 2000) . Such signals can be further amplified by Ca 2þ release from intracellular Ca 2þ stores (Verkhratsky 2005) . The easiest technique to monitor the activities of many individual neurons by imaging their intracellular Ca 2þ concentration uses a membrane-permeant acetoxymethyl (AM) ester form of a Ca 2þ indicator dye (Tsien 1981) . For the vertebrate brain, the method allowing imaging of neural ensembles in with single cell resolution was introduced by Stosiek et al. (2003;  for experimental details see Garaschuk et al. 2006) . The technique (figure 10a) has been successfully applied to different neuronal tissues in a variety of species from lower vertebrates to mammals (Brustein et al. 2003; Nimmerjahn et al. 2004; Kerr et al. 2005; Li et al. 2005; Niell & Smith 2005; Ohki et al. 2005; Sullivan et al. 2005) . This technique uses a 'bolus' injection of a membrane-permeant Ca 2þ indicator dye into the extracellular space. A pipette containing the AM form of an indicator dye is inserted into the tissue of interest and approximately 400 fl of the dye-containing solution is pressure ejected. The dye diffuses into the cells of interest where it is hydrolyzed by intracellular esterases and thereby trapped internally. The remaining AM dye is rapidly removed from the extracellular space by the microcirculation. Figure 10b illustrates the resting fluorescence from the calcium dye that has filled many cells in the embryonic brainstem. Some cells are brighter and some neighbours are less bright. We do not know whether this reflects differences in dye concentration or differences in resting free calcium concentration, or both. There are three coloured spots superimposed on this image. The traces of light intensity versus time from these three cells are shown as the top three traces in figure 10c . The bottom trace in figure 10c is the integrated suction electrode recording from a C5 spinal root. One of the cells (red) is active during each of the five respiratory cycles; one (green) is active in four of the five cycles; and one (blue) seems to be active in only two of the cycles ( J. Eugenin et al. 2008, unpublished data.) . Figure 10d shows a subtraction of frames recorded prior to a response from frames recorded during a response where red colour indicates the location of a calcium increase during the response. This framesubtraction image shows the location of many calcium signals. Clearly, a large number of cells were active during these respiratory cycles.
(i) Attractive features of this kind of measurement The method allows one to measure the activity of many cells simultaneously. Averaging of trials was not required, and thus breath-to-breath response changes could be detected.
(ii) Unattractive features The technique is restricted to the upper layers of the preparation because the incident light does not reach deeper layers. The organic calcium-sensitive dye that was used stains all cells, so the cellular origins of the signals are not known. Because a calcium-sensitive dye was used, the source of the signal is not certain; it might arise from calcium influx through voltage-sensitive calcium channels or from release from internal stores. The signal-to-noise ratio is not large; signals smaller than 5 -10% will be missed, and thus the recordings are likely to be incomplete.
THE AMPLITUDE OF THE VOLTAGE OR CALCIUM CHANGE IS DIFFICULT TO DETERMINE
Both voltage and calcium signals are often presented as a fractional intensity change (DI/I ). These signals give information about the time course of the potential or calcium-concentration change but no direct information about the absolute magnitude. However, in some instances, approximate estimations can be obtained. For example, the size of the optical signal in response to a sensory stimulus can be compared with the size of the signal in response to an epileptic event (Orbach et al. 1985) . Another approach is the use of ratiometric measurements at two independent wavelengths (Grynkiewicz et al. 1985; Gross et al. 1994) . However, to determine the amplitude of the voltage or calcium change from a ratio measurement, one must know the fraction of the fluorescence that results from dye in the expected location, i.e. bound to active versus inactive membranes for voltagesensitive dyes, or dye free in the axoplasm versus dye bound to protein or in intracellular compartments for calcium dyes. These requirements are only approximately met in special circumstances.
METHODOLOGICAL CONSIDERATIONS REGARDING APPARATUS (a) Numerical aperture
The need to maximize the number of measured photons has been a dominant factor in the choice of optical components. In wide-field epifluorescence, both the excitation light and the emitted light pass through the objective, and the intensity reaching the photodetector is proportional to the fourth power of the numerical aperture (NA; Inoue 1986). In twophoton imaging, only the collection of emitted light is affected by numerical aperture, and thus the intensity reaching the photodetector is proportional to the square of the numerical aperture.
(b) Back aperture of the objective Because of the strong light scattering within living tissue, in vivo two-photon imaging critically depends on detection of scattered photons. Under this condition, the size of the back aperture of the objective (but also the size of all other apertures within the detection pathway) becomes important. Ideally, one would like to employ an objective with high NA, large field of view (low magnification) and large back aperture. More optimized objectives recently became available.
(c) Depth of focus in wide-field imaging Salzberg et al. (1977) determined the effective depth of focus for a 0.4 NA objective lens by recording an optical signal from a neuron when it was in focus and then moving the neuron out of focus by various distances. They found that the neuron had to be moved 300 mm out of focus to cause a 50 per cent reduction in signal size. Using 0.5 NA optics, Kleinfeld & Delaney (1996) found that 100 mm out of focus led to a reduction in signal size of 50 per cent.
(d) Light scattering and out-of-focus light in wide-field imaging Light scattering and out-of-focus light limit the spatial resolution of a wide-field optical measurement from a thick scattering tissue like the brain. With a 0.4 NA objective, moving a small spot of light out of focus will increase its diameter to approximately 200 mm. Similarly, a small spot of light will be blurred to a diameter of approximately 200 mm after it passes through 500 mm of salamander olfactory bulb. (Mammalian cortex appears to scatter more than the salamander olfactory bulb.) Presumably this effect will be more severe at lower wavelengths because scattering by nervous tissue is inversely related to wavelength squared (Cohen & Keynes 1971) .
(e) Electron-multiplying charge-coupled device cameras These cameras have on-chip multiplication and should lead to better signal-to-noise performance at very low light levels. However, the multiplication process adds noise (a factor of 1.4) and some existing chips are even noisier than expected from the factor of 1.4. If an ordinary CCD has an r.m.s. read noise of 10e-, then an ideal EM-CCD camera will have a better signal-to-noise ratio only at light levels less than 100 photons pixel 21 frame
21
. The light level achieved in the experiment on the dendrites of a single neuron ( figure 9a -d ) , where there is relatively little dye in small distal processes, is approximately 1000 photons/pixel/ms. Thus in this measurement, and all measurements with even higher light intensity, a CCD camera with a read noise of 10e-will have a better signal-to-noise ratio than an EM-CCD camera.
FUTURE DIRECTIONS (a) Organic voltage-sensitive dyes
The voltage-sensitive dyes in figure 2 and the vast majority of those synthesized are of the general class named polyenes (Hamer 1964 ), a chemical group that was first used to extend the wavelength response of photographic film. It is possible that improvements in signal size can be obtained with new polyene dyes (see Waggoner & Grinvald 1977; Fromherz et al. 1991 for a discussion of maximum possible fractional changes in absorption and fluorescence). On the other hand, the maximum fractional change has not increased in recent years, and most improvements (e.g. Grinvald et al. 1982; Antic & Zecevic 1995; Momose-Sato et al. 1995; Tsau et al. 1996) have involved synthesizing analogues that work well on new preparations.
The best of the organic dyes have fluorescence changes of 10-20% per 100 mV in situations where the staining is specific to the membrane whose potential is changing (Grinvald et al. 1982; Loew et al. 1992; Rohr & Salzberg 1994) . Gonzalez & Tsien (1995) introduced a new scheme for generating voltagesensitive signals using two chromophores and fluorescence resonance energy transfer (FRET). While these fractional changes were also in the range of 10 per cent per 100 mV, more recent results are approximately 30 per cent ( J. Gonzalez and R. Tsien 1997, personal communication) . However, in order to achieve fast response times (. 100 Hz), one of the chromophores must be very hydrophobic and as a result does not penetrate into brain tissue. Thus far it has not been possible to measure signals with a fast pair of dyes in intact tissues (T. Gonzalez, R. Tsien, A. Obaid & B. M. Salzberg 2000, personal communication) , although impressive results have been obtained where speed was not critical (Cacciatore et al. 1999; Briggman & Kristan 2006) .
Membrane potential changes the nonlinear second harmonic generation from styryl dyes (Bouevitch et al. 1993; Dombeck et al. 2005; Millard et al. 2005) . Large (50%) fractional changes were measured. But, because the number of detected photons is small even compared with two-photon microscopy, the signal-to-noise ratios are very small.
(b) Neuron-type-specific staining An important new direction is the development of methods for neuron-type-specific staining, which would make it possible to determine the role of specific neuron types in generating the input-output function of a brain region. Two quite different approaches have been tried.
(i) Directed transport
The use of anterograde and retrograde dye transport has resulted in specific staining of olfactory receptor neuron terminals (Friedrich & Korsching 1997; Wachowiak & Cohen 2001 ) and motor neurons in embryonic chicks and in lamprey spinal cords (Tsau et al. 1996) . For the anterograde direction, this method depends on finding a location where only one cell type is present that has a process leading to the brain area of interest. For the retrograde direction, this method depends on finding a fibre tract that comes from a single neuron type.
(ii) Genetically encoded activity sensors Voltage sensors Siegel & Isacoff (1997) They appear to be retained in the endoplasmic reticulum and are only minimally expressed in the extracellular membrane . Thomas Knopfel and collaborators (Dimitrov et al. 2007 ) investigated a new class of voltage-sensitive proteins, the voltage-sensitive phosphatase from Ciona intestinalis (Murata et al. 2005) . They replaced the phosphatase domain with a FRET pair and this protein, VSFP2.1, both trafficked well to the external membrane of hippocampal neurons and had a voltage-dependent response. VFSP2.1 was faster than FlaSh but slower than SPARC. Recently, Tsutsui et al. (2008) reported a modified version of VSFP2.1, called Mermaid, with a much larger (20-30%) signal. Future efforts will be needed to improve the response time of Mermaid and to test the construct in transgenic systems.
Calcium sensors
There is a large family of genetically encoded fluorescent Ca 2þ indicator proteins. Until recently, all protein calcium sensors employed Ca 2þ binding to calmodulin (CaM) and the Ca 2þ -dependent interaction of calmodulin and the CaM binding peptide M13 as a calcium sensor. The CaM -M13 complex was then attached to green fluorescent protein or one of its variants to generate a single-wavelength Ca 2þ indicator (Baird et al. 1999; Nagai et al. 2001; Nakai et al. 2001; Zhang et al. 2002; Ohkura et al. 2005; Reiff et al. 2005) . Alternatively, the CaM -M13 complex was sandwiched between CFP (cyan fluorescent protein) and YFP (yellow fluorescent protein) to generate ratiometric Ca 2þ sensors like the 'cameleons' (Miyawaki et al. 1997; Miyawaki 2005 (Hasan et al. 2004; Nagai et al. 2004; Diez-Garcia et al. 2005; Garaschuk et al. 2007 ). Significant improvement in mammalian neurons came from the use of the alternative Ca 2þ -binding protein Troponin C (TnC; Heim & Griesbeck 2004; Mank et al. 2006; Heim et al. 2007) . The members of the TnC family have relatively high dynamic range (fourfold increase in signal strength upon changing Ca 2þ concentration from 0 to 10 mM) and rather fast rise and decay times , and they respond linearly to an increase in Ca 2þ concentration within the physiological activity range (Reiff et al. 2005; Heim et al. 2007) . TnC-based indicators can be expressed transgenically in mice and allow in vivo imaging of neural function with single-cell and even subcellular resolution (Heim et al. 2007 Garaschuk et al. 2007) .
Over the past 20 years, there have been remarkable (and unanticipated) advances in the kinds of measurements that are possible from mammalian central nervous systems. Membrane potential can be recorded from dendrites and spines; calcium signals can be recorded from hundreds of neurons simultaneously. Optical recordings already provide unique insights into brain activity and organization. Increases in measurement sensitivity are likely because of efforts made to improve the dyes and increase the efficiency of two-photon microscopes. Improvements in genetically encoded sensors will make it possible to record the activity of individual neuron types in the brainstem. Thus, it seems possible that these methods will become even more powerful tools for studying neuronal origins of respiratory activity.
